Syndiotactic polypropylene-b-poly(ethylene oxide)-b-syndiotactic polypropylene (PEOP) triblock copolymers were synthesized and solid polymer electrolytes were prepared by mixing with lithium bis(trifluoromethane) sulfonimide (LiTFSI) salt. PEOP formed strongly-segregated morphologies in the absence and presence of LiTFSI. LiTFSI inhibited poly(ethylene oxide) crystallization without affecting polypropylene crystallinity. The conductivity exhibited a non-monotonic dependence on molecular weight (M n ) with a maximum near 20 kg/mol. In contrast, polystyrene-b-poly(ethylene oxide) electrolytes exhibit conductivity increasing monotonically with M n , up to a plateau in the high-M n limit. This suggests that non-conducting semi-crystalline microphases interfere with conducting pathways, while non-conducting amorphous microphases formed well-connected conducting pathways.
Introduction
It is believed that solid polymer electrolytes (SPEs) are essential for the development of next-generation high performance rechargeable batteries comprising a lithium metal anode [1] [2] [3] [4] . Extensive work has shown that poly(ethylene oxide) (PEO) possesses good ionic conductivity when doped with alkali metal salts [5] . Subsequent implementation of PEO in full cell experiments has demonstrated its potential for use as a practical SPE [6] [7] [8] . In salt-containing PEO, ionic transport is linked to segmental motion [9, 10] , and transport occurs predominantly in the amorphous phase [11, 12] . Thus SPE-based batteries must be operated at temperatures (T) above the PEO melting temperature, T m,PEO . However it has been shown that the mechanical properties of PEO in the amorphous phase are insufficient to prevent short circuit due to lithium dendrite growth originating at the lithium metal anode during battery cycling [13, 14] . The design of a SPE material which pairs high ionic conductivity with robust mechanical properties is thus an area of significant interest.
In light of the challenges associated with creating an optimal SPE, a variety of polymeric systems have been investigated. Molecular architectures such as comb-like copolymers [15, 16] , cross-linked polymer networks [17, 18] , graft copolymers [19] [20] [21] [22] , and block copolymers [19, 23] have been investigated for use as electrolytes in an attempt to independently tune the structural and transport properties. In many cases immiscibility between the blocks induces microphase separation [24] [25] [26] , producing ordered morphologies on the nanometer length scale [27] . The resulting copolymer retains the properties of each block, yielding a material with hard, insulating phases interspersed with soft, ionically conductive phases.
In studies utilizing block copolymers as SPE, the archetypal mechanical phase is made of a polymer with a high glass transition temperature (T g ) such as polystyrene (PS) [23, [28] [29] [30] [31] [32] [33] . For symmetric PS-PEO diblock copolymers [30] [31] [32] [33] (SEO), the ionic conductivity σ has been shown to increase with PEO chain length and a plateau value is reached as the molecular weight of the PEO block exceeds 100 kg/mol. In contrast, σ of PEO homopolymers decreases with increasing molecular weight, reaching a plateau as the molecular weight of the PEO block exceeds 4 kg/mol [9] . Beyond PS-based block copolymers, a wide range of different amorphous polymers [34] [35] [36] [37] [38] [39] has been considered for use as the structural block.
In contrast to the extensive work described above featuring amorphous structural blocks, we are aware of only one publication wherein a semi-crystalline polymer was used as the structural block [40] . Many high volume commercial polymers, e.g. polyethylene and polypropylene, are semi-crystalline. Semi-crystalline polyolefin polymers have superior mechanical properties, are melt-processable, and exhibit excellent solvent resistance. The triblock copolymer studied therein was composed of polyethylene (PE) as the outer, structural blocks, and a copolymer of PEO and poly(propylene oxide) (P(EO-co-PO)) as the inner, ionically-conductive block. The ionic conductivity of this copolymer doped with LiTFSI was in the range of 2 × 10 −4 S/cm at 90°C. The molecular weight of the PE block was 0.7 kg/mol, which enabled dissolution of the electrolyte in organic solvent at room temperature. However the mechanical properties of SPEs in this molecular weight regime are well below the target molecular weight required to resist lithium dendrite growth [1, 41] . It is obvious that higher molecular weight structural blocks are necessary to obtain robust SPEs with semicrystalline structural blocks. We note in passing that the characteristics of the PE-P(EO-co-PO)-PE sample, obtained by coupling functionalized PE and bifunctional P(EO-co-PO) precursors, were not reported in Reference [40] . Polyolefins are in general chemically and electrochemically inert because they contain a saturated hydrocarbon backbone. Furthermore, semi-crystalline polyolefins, such as syndiotactic and isotactic polypropylene have improved solvent resistance in comparison to amorphous polymers. Herein we report on the synthesis and characterization of a series of symmetric triblock copolymers composed of a central PEO block and a semi-crystalline syndiotactic polypropylene (sPP) as the outer blocks. The molecular weight of the sPP blocks ranges from 5 to 20 kg/mol. The polymers were obtained by coupling functionalized sPP chains and bifunctional PEO chains using click chemistry. Differential scanning calorimetry was used to characterize crystallinity, Xray scattering was used to determine morphology, and AC impedance was used to determine ionic conductivity. The properties of these PEOP electrolytes were also compared with previously reported SEO block copolymer electrolytes.
Experimental

General synthesis methods
All manipulations of air-and/or water-sensitive compounds were carried out under dry nitrogen using a Braun UniLab drybox or standard Schlenk techniques.
1 H and 13 C NMR spectra were collected in deuterated solvents on a Varian INOVA 400 or Varian 500 ( 13 C, 125 MHz). The spectra were referenced internally to residual protio solvents ( 1 H) or to deuterio-solvent signals ( 13 C) and are reported relative to tetramethylsilane (δ = 0 ppm). sPP samples were dissolved in CDCl 3 and NMR spectra were collected at 60°C. Number-averaged molecular weights of the end-functionalized sPP and PEO samples were determined using end group analysis of quantitative 1 H NMR spectra and are given in Table 1 as M n,sPP and M n,PEO .
Materials
Toluene was purified over columns of alumina and copper (Q5). Tetrahydrofuran for block copolymer synthesis was purified over alumina column and degassed by three freeze-pump-thaw cycles before use. Propylene (Airgas, research purity) was purified over columns of BASF catalyst R3-12, BASF catalyst R3-11, and 4 Å molecular sieves. Polymethylaluminoxane (PMAO-IP, 13 wt.% Al in toluene, Akzo Nobel) was dried in vacuo to remove residual trimethyl aluminum and used as a white solid powder. Sodium azide, PEO polymers (M n : 3, 8, 16 and 38 kg/mol; polydispersity index PDI = M w /M n = 1.02-1.12, where M w is the weight-averaged molecular weight), paratoluenesulfonyl chloride, sodium hydride (60% dispersion in mineral oil), tripropargyl amine (98%), tetrakis(acetonitrile)copper(I) hexafluorophosphate (97%), 2,6-lutidine (N 99%), borane-tetrahydrofuran complex (1.0 M solution in THF, stabilized with 0.005 M N-isopropyl-N-methyl-tert-butylamine), propargyl bromide solution (80 wt.% in toluene), and copper bromide were purchased from Sigma-Aldrich and used as received. Acetonitrile (HPLC grade) was obtained from Mallinckrodt Baker and used as received. Benzyl azide (94%) was purchased from Alfa-Aesar and used as received. CDCl 3 was purchased from Cambridge Isotope Laboratories (CIL) and used as received. Dry tetrahydrofuran (THF) for electrolyte preparation was obtained from Sigma-Aldrich and used as received in an argon-filled glove box. Dry LiTFSI was obtained from Novolyte under argon, brought into the glove box, and dried under vacuum in the glove box antechamber at 120°C for three days prior to use.
Allyl-terminated sPP (PDI = 1.4-1.9) was prepared according to a previously reported procedure [42, 43] . The extent of syndiotacticity of sPP samples was determined from 13 C NMR spectroscopy using the fraction of fully syndiotactic pentads [rrrr] and was found to be 0.80. Tris-(benzyltriazolylmethyl)amine (TBTA) ligand for alkyne-azide "click" chemistry was synthesized according to the literature procedure [44] . See Supporting information for the synthesis of the end functionalized polymers. End group analysis of a 1 H NMR spectrum obtained from the product of the sPP functionalization reaction determined the weight fraction of unfunctionalized sPP chains, w sPP,h , which ranged from 0.17 to 0.43 and are given in Table 1 .
Synthesis of PEOP triblock copolymers
In the glovebox, a 100 mL Schlenk tube was charged with azidoterminated sPP (0.60 g, 0.070 mmol N 3 functional groups), dipropargylterminated PEO (0.36 g, 0.085 mmol functional propargyl groups), CuBr (3 mg, 0.02 mmol), and TBTA ligand (11 mg, 0.020 mmol). THF (7.1 mL) was added and the Schlenk tube was heated at 50°C for 24 h. After the reaction had completed, the mixture was cooled to room temperature, and the polymer was precipitated in methanol. The resultant light green polymer was thoroughly washed with methanol to remove the copper catalyst and excess PEO. Insoluble polymer was isolated by vacuum filtration, washed with methanol, and dried in vacuo to constant weight (0.85 g, 94% yield). 1 
Electrolyte preparation
PEOP polymers were brought into an MBraun argon glove box for electrolyte preparation after drying in the glove box antechamber at 100°C for one day. In the glove box, a mixture of PEOP polymer and dry LiTFSI was co-dissolved in THF. For all samples, the amount of LiTFSI added was predetermined to obtain a molar ratio r of lithium ions (Li + ) to ethylene oxide (EO) moieties equal to 0.063 ± 0.06. This salt concentration is in the vicinity of the optimum salt concentration for SEO-based electrolytes [30] . The solution was stirred for several hours at 90°C until complete dissolution was visually observed, and then the THF was allowed to evaporate to obtain a solid polymer-salt mixture. Subsequently, the electrolyte was dried further in the glove box antechamber under vacuum at 90°C for at least 8 h prior to characterization.
For each electrolyte the volume fraction of the conducting phase, ϕ c , is determined assuming that the LiTFSI is located in the PEO domain and that the volume change of mixing was negligible:
where V EO , V LiTFSI , and V P are the molar volumes of EO monomer units (41.56 cm 3 /mol) [45] , LiTFSI (141.9 cm 3 /mol) [46] , and propylene repeat units (105.99 cm 3 /mol) [45] , respectively, at a reference temperature of 140°C. The values of ϕ c for each polymer at the desired salt composition are given in Table 1 .
Differential scanning calorimetry (DSC)
The thermal properties of polymers were studied via DSC experiments. Pure PEOP polymers and the related electrolytes were sealed in aluminum hermetic pans in an argon-filled glove box. DSC experiments were performed on a TA Instruments DSC Q200 instrument. All samples were subjected to the same thermal history: samples were heated from room temperature to 120°C at 10°C/ min, after which two cooling/heating scans were run at 10°C/min, between − 40°C and 120°C. For each sample T m , i of the PEO and sPP microphases were determined at the maximum of each endothermic peak on the last cycle [47] . T m,i is the nominal melting temperature of the microphases, i = PEO or sPP. The integration of the area of each endothermic peak gives the enthalpy of melting, ΔH m,i , for each microphase i. The crystallinity, X c,i , for the phase i is given by: 
Small angle X-ray scattering (SAXS)
SAXS experiments were performed at beamline 7.3.3 at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory and at beamline 1-4 at the Stanford Synchrotron Radiation Lightsource to determine the morphology and domain spacing of each block copolymer as well as the related electrolyte. SAXS samples were assembled in an argon-filled glove box by hot-pressing solid polymer samples with or without salt into approximately 150 μm thick spacers (Garolite G-10) at 90°C. The samples were sealed in air-tight aluminum sample holders with Kapton windows, and annealed at 120°C for several days prior to experiments. Samples were mounted in a custom-built sample stage with temperature (T) control. At each T examined, samples were annealed for a minimum of 20 min prior to data collection. SAXS data analysis was performed using the Nika program written for Igor Pro [50] . Silver behenate was used as a standard to calibrate beam center and sample-to-detector distance. The measured twodimensional scattering data were azimuthally averaged to obtain intensity, I, as a function of the scattering vector magnitude, q. The relationship between q and the wavelength of the X-rays, λ, and the scattering angle, θ is given by:
The X-ray energy for SAXS experiments was approximately 10 keV in all cases, corresponding to λ = 0.124 nm −1 . SAXS data from all the samples were obtained at room temperature and between 60°C and 120°C in increments of 20°C. The location of the primary scattering peak at a scattering vector magnitude q* enables determination of the domain spacing, d:
The ratio between q* and higher order scattering peaks were used to determine the nanostructured morphology, e.g. integer multiples as indication of lamellar morphology (q/q* = 2, 3, 4, etc.).
Resonant soft X-ray scattering (RSoXS)
RSoXS experiments were performed at beamline 11.0.1.2 at ALS to determine the domain size and morphology of high molecular weight samples for which q* values could not be resolved by SAXS experiments (q min,SAXS ≈ 0.1 nm
). RSoXS experiments could be performed over a range of incident X-ray energy values, which allows λ to be tuned and thus varies q min according to Eq. (3) (q min,RSoXS ≈ 0.03 nm ). Samples for RSoXS experiments were made by drop-casting in an argon-filled glove box to obtain thin samples which minimize X-ray absorption. Pure PEOP and LiTFSI-doped PEOP samples were made by dissolving the appropriate material in THF at a concentration of~1 mg/mL solids at room temperature. Solutions were stirred overnight to ensure complete dissolution. The solutions were dropped onto silicon nitride substrates (Norcada) and dried overnight to obtain thin films on the order of 1-5 μm thick. The substrates consisted of a 200 μm thick silicon frame with dimensions 5 × 5 mm with a 100 nm thick silicon nitride top layer exposed in a 1.5 × 1.5 mm window. Samples were stored under argon until immediately before placement in the ultrahigh vacuum chamber used for RSoXS. Incident X-ray energies were tuned near the carbon K-edge to 280 eV. Samples were attached to a stage with carbon tape that was capable of heating samples to~130°C. Data were reduced and analyzed using a modified version of the Nika program for Igor Pro, and normalized by subtracting out a dark image to obtain I(q) [51] .
Symmetrical cell assembly and characterization
Inside an argon-filled glove box, the polymer electrolyte was handpressed at 90°C into a 30 μm thick Kapton spacer with a 0.3 cm diameter hole that defines the active area S of the cell. Two stainless steel blocking electrodes were then placed on each side of the electrolytespacer assembly and pressed at 90°C. At each step of the assembly the overall thickness was measured to monitor the electrolyte thickness, l. The average electrolyte thickness of the samples was 172 ± 18 μm. An aluminum tab was taped on each stainless steel electrode and the assembly was vacuum sealed in pouch material (Showa Denko).
The cells were mounted in to a custom heating stage and connected to a Bio-Logic VMP3. Impedance spectroscopy was performed using an excitation signal between 10 and 40 mV in a frequency range between 10 6 and 1 Hz. The T program consisted of an initial heating scan from room temperature to 120°C in 10°C steps, followed by cooling to room temperature, and then a second heating scan was carried out from 30°C to 120°C in 10°C steps. Data was analyzed from the cooling scan and subsequent heating scan. For each T, the resistance of the electrolyte, R el , was monitored as a function of time and the impedance spectrum was recorded only when R el became stable. The equilibrated value of R el was extracted from the impedance spectra by fitting the profile with an equivalent electrical circuit consisting of a resistor and a constant phase element [52] . After the experiments, the cells were returned to the argon-filled glove box and disassembled to determine the final value of l. This l value was used to calculate σ according to Eq. (5):
at each T considered.
Results and discussion
PEOP synthesis and molecular characterization
PEOP block copolymers were synthesized using "click" coupling reaction of azide-terminated sPP (sPP-N 3 ) with the dipropargylterminated PEO (Scheme 1). The sPP\CH 2 \CH 2 \CH 2 \N 3 was synthesized from allyl-terminated sPP (sPP\CH 2 \CH_CH 2 ) in three consecutive steps in good yields [43, 53, 54] . The percent end group functionalization of sPP polymer was mainly dependent on hydroboration/oxidation conditions such as solvent, reaction time, and temperature. End group analysis of the sPP\N 3 polymers using 1 H NMR spectroscopy suggested that there is some proton-terminated sPP (sPP\CH 2 \CH 2 \CH 3 ) present in the sPP\N 3 polymer [53] . The unfunctionalized sPP resulting from this step is the primary source of sPP homopolymer in the final triblock material (denoted by w sPP,h ). The propargyl-terminated PEO was synthesized from commercially available PEO in one step using the Williamson ether reaction of the deprotonated PEO with the propargyl bromide [53] . Conversion of the hydroxyl to the propargyl-terminated PEO proceeded with high efficiency (N95%) according to the end group analysis using 1 H NMR spectroscopy. Synthetic methodologies to obtain amphiphilic block copolymers, which are comprised of PEO as an ion-conducting block and a semicrystalline polymer as a structural block, remain limited [55, 56] . Recently Zhu and coworkers reported azide-alkyne "click" coupling reaction to synthesize sPP-b-PEO diblock copolymers [56] . We used similar "click" chemistry methods to obtain amphiphilic PEOP triblock copolymers in this work. A coupling reaction of sPP\N 3 was performed with dipropargyl-terminated PEO using Cu(I) as the catalyst and TBTA as the ligand to obtain PEOP triblock copolymers [44] . The PEOP triblock copolymers synthesized for this study are listed in Table 1 . Successful coupling of the functionalized sPP block and PEO block was confirmed by 1 H NMR spectroscopy (Fig. S1 ). The characteristic peak of triazole moiety at δ 7.55 ppm confirmed the "click" reaction and formation of PEOP triblock copolymer. Each of the PEOP triblock copolymer samples contained a portion of unfunctionalized sPP homopolymer that was not able to react with functionalized PEO homopolymer and could not be removed from the triblock copolymer (see Table 1 ). The presence of this sPP homopolymer might influence the mechanical properties and ionic conductivity of the PEOP electrolytes. Nonetheless, we used these PEOP triblock copolymers without further purification for the thermal, morphological, and electrochemical studies described subsequently. High temperature gel permeation chromatography (GPC) analyses of PEOP triblock copolymers do not reflect a significant increase in molecular weight (Fig. S2) . Presumably, this is due to an insignificant change in hydrodynamic radii of the PEOP polymer and the presence of sPP homopolymer. Direct proof of the coupling reaction is thus contained in the 1 H NMR spectroscopy results only.
PEOP thermal properties
All of the neat PEOP triblock copolymers exhibited two melting transitions in the vicinity of the melting points of sPP and PEO homopolymers. This indicates the existence of strongly segregated microphases. The results of these experiments are summarized in Fig. 1a , where T m of each block is shown as a function of total triblock molecular weight (M n ). The measured T m,sPP for high-M n sPP is significantly reduced compared with previously reported values for homopolymer sPP and sPP-containing block copolymers, albeit for polymers which generally possess much larger M n than that considered here. The values for T m,sPP represent the maximum value for the endothermic peak observed on heating the sample. Within experimental error, T m,sPP was found to be independent of M n , with an average value of 105 ± 5°C. Thermal transitions are also affected by the degree of syndiotacticity. De Rosa and coworkers synthesized sPP homopolymers of varying syndiotacticities and observed a reduction in T m,sPP with decreasing syndiotacticity [57] . In the sPP-containing block copolymers studied here, the tacticity of sPP is approximately 80% corresponding to a homopolymer melting temperature of 116°C, based on an extrapolated linear relationship between T m,sPP and % [rrrr] [58] . Thus the values of T m,sPP reported here seem reasonable. It is possible that the presence of covalently-bonded PEO blocks interferes with the sPP crystallization process, leading to a further reduction of T m,sPP . In contrast to PP crystallization, T m,PEO is observed to increase monotonically with increasing M n , from 38 to 63°C (M n,PEO increases by approximately one order of magnitude, see Table 1 ).
The dependence of percent crystallinity, X c,i , in each microphase, determined by DSC, is shown in Fig. 1b . Both X c,sPP and X c,PEO are independent of M n ; X c,sPP = 16 ± 3% while X c,PEO = 41 ± 4%. DSC experiments were carried out for samples doped with LiTFSI to establish changes in the PEOP physical properties when utilized as an electrolyte. LiTFSI in the PEO domains, assuming that LiTFSI is completely solubilized by the PEO chains [33, 59] . In the salt-containing PEOP samples, there is no dependence of T m,sPP on M n , and the samples have an average value of 107 ± 3°C which is within experimental error of T m,sPP of the neat triblock copolymers (105 ± 5°C). It is evident that the addition of LiTFSI has no effect on the crystalline nature of sPP, supporting the hypothesis that the salt is fully segregated to PEO domains. The lowest-M n copolymer, PEOP(4-3-4), has no measurable crystallinity when doped with LiTFSI. Signatures of PEO crystallization remained absent when the temperature scan rate was decreased to 5°C/min, suggesting that the presence of salt completely suppresses crystallization of PEOP(4-3-4). Aside from PEOP(4-3-4), the other four samples studied exhibited DSC peaks consistent with PEO crystallization even in the presence of LiTFSI but with a reduction in T m,PEO to a value that was roughly independent of M n equal to 48 ± 3°C (Fig. 2a) . This result agrees with the findings described by Yuan et al. [46] , for SEO electrolytes, where low M n electrolytes (M n,PEO b 8 kg/mol) show no observable crystallinity, while in the high-M n case T m,PEO was in reasonable agreement with T m,PEO observed here for PEOP.
The dependence of X c,i in each microphase of the salt containing samples, determined by DSC, is shown in Fig. 2b . The addition of LiTFSI results in a slight decrease X c,sPP from 16 ± 3% to 12 ± 3%. In contrast, the addition of LiTFSI has a significant impact on PEO crystallinity. The average value of X c,PEO for the samples containing a non-zero crystalline fraction with added salt was equal to 12 ± 9% compared to 41 ± 4% for the salt-free PEOP polymer. This strong effect of LiTFSI on PEO crystallinity is expected. PEO solvates lithium ions via coordination with the ether oxygen. This coordination interferes with crystallization [12] .
PEOP morphological characterization
We performed SAXS experiments on the neat PEOP as well as LiTFSIdoped material to study microphase separation. Fig. 3 shows the SAXS profiles for neat and salt-doped PEOP. The measurements were done at 120°C, well above T m for the PEO and sPP microphase. The morphology of PEOP(4-3-4) in both neat and salt doped states is clearly resolved by SAXS. In the neat state, the higher order peaks are located at q values which have ratio q/q ⁎ = 3 1/2 , 7 1/2 , and 9 1/2 , indicative of the hexagonally-packed cylindrical morphology as expected for a block copolymer with ϕ PEO = 0.24 (Table 1 ). In the salty state, the higher order peaks are located at ratio q/q ⁎ = 2, 3, 4, and 5 indicative of a lamellar geometry. The change in the morphology of PEOP(4-3-4) electrolyte from cylinders to lamellae is surprising because the addition of LiTFSI increases the volume fraction of the conducting phase from 0.24 to 0.27. Neat PEOP(4-8-4), with a larger ϕ PEO = 0.44, displayed higher order peaks at q/q ⁎ = 2, 4, and 5, indicating a lamellar morphology. The addition of salt does not alter the dominant morphology of PEOP(4-8-4); q/q ⁎ of the higher peaks with and without salt are similar. The presence of satellite peaks of the SAXS profile of salt containing PEOP(4-8-4) suggests the presence of a small amount of a second microphase. The presence of coexisting microphases in salt-containing block copolymers has been established in previous studies [60] [61] [62] . Both neat and salt containing PEOP (4-16-4) and PEOP(5-16-5) samples show primary SAXS peak close to the resolution limit of the SAXS instrument. The primary peak of neat PEOP(10-38-10) is outside the limit of the SAXS instrument while that of the salt-containing PEOP(10-38-10) is within the limit of the SAXS instrument. The absence of welldefined higher ordered peaks in PEOP(4-16-4), PEOP(5-16-5) and PEOP (10-38-10) precludes the determination of the morphology of these systems. In the presence of salt, ϕ c of these samples varies between 0.59 and 0.64. In the analysis below, we assume that these systems have a lamellar morphology. The SAXS peaks in salt-containing PEOP(4-3-4) and PEOP (4-8-4) are much less sharp than the peaks in the neat case. This suggests the presence of a range of domain size, which is not seen in salt-containing SEO block copolymers. We used RSoXS to complement the SAXS measurements described above. In Fig. 4 we show the RSoXS profile obtained for neat PEOP (10-38-10) . A primary peak at q* = 0.0726 nm The dependence of d on M n obtained in our samples by a combination of SAXS and RSoXS is shown in Fig. 5 . The data are roughly consistent with the expected d~M n 0.67 scaling law for strongly segregated block copolymers.
PEOP ionic conductivity
The ionic conductivity σ of the PEOP electrolytes doped with LiTFSI is plotted as a function of 1000/T in Fig. 6 . Before discussing electrolyte conductivities, we discuss data obtained for PEOP (4-16-4) in the absence of LiTFSI (i.e., r = 0), also shown in Fig. 6 . In the absence of impurities the ionic conductivity of this sample should be equal to zero. In contrast we find σ values ranging from 3 × 10 − 6 to 1 × 10 − 5 S/cm at T N 50°C (above T m,PEO ). Below 50°C (i.e. T b T m,PEO ), σ decreases abruptly to 1 × 10 − 7 S/cm. The conductivity of the PEOP samples with salt is significantly higher than that of neat PEOP(4-16-4); typically the electrolyte conductivity is a factor of 10 to 100 larger than that of neat PEOP (4-16-4) . One may regard the measured conductivity of neat PEOP(4-16-4) as a measure of the "background" conductivity due to the presence of impurities. We ignore this effect in the discussion below.
It is interesting to note that the temperature dependence of the conductivity of all electrolytes is smooth over the measured temperature window. In other words, neither T m,sPP nor T m,PEO of the saltcontaining electrolytes has a noticeable effect on the conductivity.
The ionic conductivity values of the PEOP electrolytes are affected by both ϕ c and M n . In order to separate these two effects, we define normalized conductivity σ n [30] 
where f is a morphology factor that accounts for the geometry of the conducting phase, and σ PEO is the conductivity of PEO homopolymer (M n = 4 kg/mol) doped with LiTFSI at the salt concentration and temperature of interest [12] . Based on the considerations given above we assume a lamellar morphology for all samples, and f = 2/3 [32] . To facilitate comparison of conductivity at a fixed temperature, we fit the measured conductivity of the PEOP samples to the empirical Vogel-Tamman-Fulcher (VTF), shown in Eq. (8) [63] [64] [65] :
Here R is the gas constant and T 0 is the ideal glass transition temperature, which is fixed at a value of −90°C [46] . The two fitting parameters are the pre-exponential factor σ 0 , which is related to the concentration of free charges, and B, which is related to the activation energy These parameters were adjusted to fit the data (χ 2 N 0.99).
The fitted values of σ 0 and B thus obtained are given in Table 2 . Also given in Table 2 are fitted parameters for the PEO homopolymer used to determine σ PEO . For the PEOP electrolytes, we found that the values for B are very similar for each composition with an average of 11.4 ± 0.9 kJ/mol while σ 0 is higher for the most conductive electrolytes. This enables the calculation of σ n of all our samples at selected temperatures, and the results of this calculation are shown in Fig. 7 . The slopes of σ n vs. 1000/T for each of our samples, with the exception of PEOP (4-8-4) , are similar. At T greater than 100°C, PEOP(4-8-4) has the highest σ n of all polymers studied, and approaches a value of 1.0 at 120°C. Fig. 8 shows the dependence of σ n on M n at 90°C for the PEOP and SEO [46] electrolytes. It is striking that σ n exhibits a peak at M n values between 15 and 25 kg/mol. As discussed above the main difference between the PEOP electrolytes is the value of the pre-exponential factor, σ 0 . It is perhaps somewhat surprising that changes in the structural block with molecular weight affect σ 0 , a parameter that is believed to reflect the concentration of free ions in the conducting block. The data in Fig. 8 is very different from previous data obtained from block copolymer electrolyte with amorphous structural blocks (e.g. SEO). In SEO copolymers σ n increases monotonically as M n increases from 10 kg/mol approaching a plateau in the high-M n limit. The results for the SEO electrolytes suggest that the connectivity of the conducting lamellae phase is unaffected by increasing the molecular weight of the (10-38-10) 9.0 11.1 Fig. 7 . Normalized conductivity, as a function of 1000/T for LiTFSI-doped PEOP. Fig. 8 . Dependence of σ n on M n for PEOP (filled symbols) and SEO (hollow symbols; reference [46] ) electrolytes at 90°C.
amorphous structural block. The PEOP results presented in Fig. 8 suggest that high molecular weight semi-crystalline structural blocks affect the connectivity of the conducting lamellae. The extent to which our results are impacted by the unfunctionalized sPP homopolymer is unclear at this point.
Conclusions
We have synthesized and characterized the self-assembly of syndiotactic polypropylene-block-poly(ethylene oxide)-blocksyndiotactic polypropylene triblock copolymers, and established their unusual behavior as solid polymer electrolytes. Due to the synthetic challenge to produce such copolymer, the samples were not ideal and the fraction of uncoupled syndiotactic polypropylene chains has been quantified. Using DSC and scattering experiments, the thermal and structural properties of the polymers were analyzed, and the effect of doping with lithium bis(trifluoromethane)sulfonimide salt was determined. The normalized ionic conductivity showed a maximum in the intermediate molecular weight range, at about 20 kg/mol. Such behavior is unusual when compared to solid polymer electrolyte comprising a glassy mechanical reinforced block. This is the most complete study to date of a block copolymer electrolytes with semicrystalline blocks, and it may enable the design of improved solid polymer electrolytes.
